Response inhibition refers to the suppression of inappropriate or irrelevant responses. It has a central role in executive functions, and has been linked to a wide spectrum of prevalent neuropsychiatric disorders. Increasing evidence from neuropharmacological studies has suggested that gene variants in the norepinephrine neurotransmission system make specific contributions to response inhibition. This study genotyped five tag single-nucleotide polymorphisms covering the whole alpha-2B-adrenergic receptor (ADRA2B) gene and investigated their associations with response inhibition in a relatively large healthy Chinese sample (N ¼ 421). The results revealed significant genetic effects of the ADRA2B conserved haplotype polymorphisms on response inhibition as measured by stop-signal reaction time (SSRT) (F(2, 418) ¼ 5.938, p ¼ 0.003). Individuals with the AAGG/AAGG genotype (n ¼ 89; mean SSRT ¼ 170.2 ms) had significantly shorter SSRTs than did those with either the CCAC/AAGG genotype (n ¼ 216; mean SSRT ¼ 182.4 ms; uncorrected p ¼ 0.03; corrected p ¼ 0.09) or the CCAC/CCAC genotype (n ¼ 116; mean SSRT ¼ 195.8 ms; corrected po0.002, Cohen's d ¼ 0.51). This finding provides the first evidence from association research in support of a critical role of the norepinephrine neurotransmission system in response inhibition. A better understanding of the genetic basis of response inhibition would allow us to develop more effective diagnosis, treatment, and prevention of deficient or underdeveloped response inhibition as well as its related prevalent neuropsychiatric disorders.
INTRODUCTION
Response inhibition refers to the suppression of actions that are no longer required or that are inappropriate (Aron et al, 2004; Logan and Cowan, 1984; Logan et al, 1997; Verbruggen and Logan, 2008) . As a central element of executive functions, response inhibition is posited to be essential for flexible and goal-directed behaviors in ever-changing environments (Chamberlain et al, 2011; Verbruggen and Logan, 2008) . Deficient or underdeveloped response inhibition has been linked to a wide spectrum of prevalent neuropsychiatric disorders, such as attention deficit/hyperactivity disorder (Alderson et al, 2007; Chamberlain et al, 2011; Lijffijt et al, 2005) , obsessive-compulsive disorder (Chamberlain et al, 2005) , and schizophrenia (Lipszyc and Schachar, 2010) . Therefore, a better understanding of the neurobiological mechanism of response inhibition, including its genetic basis and underlying neurotransmission systems, could potentially promote more effective diagnosis, treatment, and prevention of deficient or underdeveloped response inhibition as well as its related prevalent neuropsychiatric disorders.
There is accumulating evidence that the brain norepinephrine neurotransmission system has a critical role in response inhibition (Chamberlain and Sahakian, 2007; Pattij and Vanderschuren, 2008) . Several prevalent psychostimulants, which increase dopamine and norepinephrine neurotransmission in the prefrontal cortex and thalamic regions, can effectively improve the ability of response inhibition in rodents (Robinson et al, 2008) , clinical subjects , and healthy volunteers (Chamberlain et al, 2006 (Chamberlain et al, , 2009 . These psychostimulants included methylphenidate , amphetamine and modafinil (Turner et al, 2003 (Turner et al, , 2004 , and atomoxetine (Chamberlain et al, 2006 (Chamberlain et al, , 2009 ). Initially, researchers believed that these psychostimulants solely targeted the dopamine neurotransmission system, but it is now believed that they may also function through the norepinephrine neurotransmission system. In particular, the specific norepinephrine reuptake inhibitor, atomoxetine, shows consistent positive effects on the behavioral performance in the stop-signal task (Chamberlain et al, 2006 Robinson et al, 2008) and has also been found to modulate the activities of the response-inhibition-related fronto-basal-thalamic loop circuits (Chamberlain et al, 2009) . Moreover, researchers have proposed that the norepinephrine neurotransmission system might be specifically related to the maintenance of vigilance, a key component of response inhibition (Aron and Poldrack, 2005) .
Human alpha-2B-adrenergic receptor (ADRA2B), also termed the a 2B adrenergic receptor, is coded by the human ADRA2B gene located on chromosome 2 (Lomasney et al, 1990) . It is a G-protein-coupled presynaptic receptor with high specificity and affinity for norepinephrine in the central nervous system, which has a negative feedback function and modulates norepinephrine neurotransmission (Cousijn et al, 2010) . There are two common functional polymorphisms in the ADRA2B gene. One polymorphism consists of 9-nucleotide Ins/Del at the position + 901( + 901 Ins/Del) in the encoding region, as indicated in Figure 1 , leading to an Ins/Del of three glutamic acid residues in the third intracellular loop of the receptor protein (ADRA2B Ins/Del301-303) (Heinonen et al, 1999) , which is a very important region for G-protein coupling (Eason et al, 1992) . Several previous genetic imaging studies consistently found that the + 901 Del was related to enhanced neural activations in the emotion processing regions (the amygdala and the insula) and better behavioral performance (de Quervain et al, 2007; Rasch et al, 2009) . Another polymorphism in the ADRA2B gene was recently identified as the 12-nucleotide Ins/Del at the position À4825 (À4825 Del/Ins) in the promoter region, as indicated in Figure 1 ( Crassous et al, 2010) . The above two common functional Ins/Del polymorphisms are strictly linked to the singlenucleotide polymorphism (SNP) rs2229169 and reside right on the single haplotype block observed in previous studies (Belfer et al, 2005; Cayla et al, 2004; Crassous et al, 2010) . Given the critical role of the norepinephrine neurotransmission system in response inhibition, therefore, it is possible that ADRA2B gene variants may also be associated with response inhibition. To our knowledge, no studies have investigated potential associations between ADRA2B gene variants and response inhibition.
In this study, we chose five tag SNPs based on the HapMap data (www.hapmap.org) and previous studies (Belfer et al, 2005; Crassous et al, 2010) , including rs2312955 in the downstream region, rs3813662, rs2229169, and rs4426564 in the single exon region (with rs2229169 and rs4426564 in the coding region), and rs1168965 in the promoter region (see Figure 1 ). These SNPs covered the entire ADRA2B gene plus 4-6 kb upstream and 1-2 kb downstream and captured most variations of the ADRA2B gene because of its single haplotype block structure, including the two common functional + 901 Ins/Del and the À4825 Del/Ins polymorphisms (Belfer et al, 2005; Crassous et al, 2010) . The rs2229169 was selected as the proxy SNP for the two common functional + 901 Ins/Del and the À4825 Del/Ins polymorphisms, with the A allele in strict linkage with + 901 Ins and À4825 Del. Therefore, we proposed that the A allele of the rs2229169 polymorphism (same as A/ + 901Del/À4825 Ins haplotype), which is believed to be linked to enhanced neural activations (de Quervain et al, 2007; Gibbs et al, 2010) , would be significantly associated with better response inhibition (ie, shorter SSRT).
PARTICIPANTS AND METHODS

Participants
Participants were 455 healthy undergraduate students (261 females, aged from 19 to 22 years, with a mean of 20.3 years, SD ¼ 0.82), which was a subsample who completed the StopSignal task (see below) from the larger Gene-Brain-Behavior Project at Beijing Normal University (eg, Chen et al, 2011; He et al, 2010; Li et al, 2011) . All subjects were Han Chinese with normal or corrected-to-normal vision and no neurological or psychiatric history based on their self-report. They all signed written informed consent. This study was approved by the Institutional Review Board of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.
Genotyping
A 4 ml venous blood sample was collected from each subject. Genomic DNA was extracted according to the standard method within 2 weeks after the blood sample was collected. All samples were genotyped using the standard Illumina GoldenGate Genotyping protocol (for details, see www.southgene.com.cn).
As described above and in Figure 1 and Table 1 , five SNPs in the ADRA2B gene on chromosome 2 were selected, including rs2312955, rs3813662, rs2229169, rs4426564, and rs1168965. One female with a 50% missing call rate was Table 1 ).
The Stop-Signal Task
The response inhibition task was the manual response version of the task used in the study by Xue et al (2008) . A 'tracking' paradigm was used to allow for a more precise and sensitive measure of SSRT Aron and Poldrack, 2006) . This paradigm has been successfully applied under a wide range of experimental conditions and with subjects from different populations (Aron et al, 2007; Band et al, 2003; Verbruggen and Logan, 2008) . In addition, a highly accurate reaction time toolFthe RTbox (Li et al, 2010) Fwas used to record and collect subjects' responses. Subjects' performance was indexed by the stop-signal reaction time (SSRT), namely, the amount of time the subjects required to intentionally suppress a response based on the horse race model (Band et al, 2003; Verbruggen and Logan, 2008) . The 'tracking' stop-signal paradigm was programmed in a custom Matlab code (The MathWorks) (for details, see Xue et al, 2008) . On each trial, letter 'T' or 'D' was displayed on the computer screen, with the 'T' requesting a response with the left-hand and the 'D' requesting a response with the right-hand. Subjects were asked to respond as quickly and accurately as possible to these letters using the index finger of their left or right hand (the Go trials). For 25% (randomly selected) of the trials (the Stop trials), subjects heard a beep after the Go stimulus had appeared, and they should suppress the ongoing response. Each subject performed four blocks of 64 trials per block (16 Stop trials and 48 Go trials per block), totaling 256 trials (64 Stop trials and 192 Go trials). The stop-signal delay (SSD) changed dynamically in a 50-ms increment throughout the experiment depending on the subject's performance. A successful response inhibition led to an increase in the SSD by 50 ms on the next Stop trial to make it more difficult, whereas a failed trial of response inhibition led to a decrease in the SSD by 50 ms on the next Stop trial to make it easier. The tracking procedure ensured that over time, the probability of successful inhibition would ideally stabilize around 0.5. There were four staircases of SSD starting at 140, 180, 220, and 260 ms, respectively. The staircases were independent and randomly interleaved. In each staircase, the last 6 converged Stop trials and the 18 corresponding Go trials were used to calculate the SSRT. Four staircases were visually inspected for convergence and consistency. The observed SSRT was estimated by subtracting the given SSD after successful inhibition from the corresponding Go reaction time Aron and Poldrack, 2006; Band et al, 2003) . In sum, the five variables from the 'tracking' stopsignal paradigm were the correct rate of Go trials (Go Rate), the successful stop rate (Stop Rate), SSD, SSRT, and Go RT.
Data Analyses
Analyses were conducted using Plink v1.07 (Purcell et al, 2007) and SPSS for Windows (release 16.0).
In the total sample of 454 subjects with both genetic and behavioral data, 8 subjects (5 males) with the o50% correct rate of Go trials and 14 subjects (6 males) with no response inhibition were removed. In a recent review of studies using the stop-signal task (n ¼ 126), the range of SSRTs in the young healthy adults was 75.76B344.86 ms (Congdon et al, 2010) . On the basis of this report, 11 subjects with shorter than 60 ms SSRT were excluded because such SSRT seemed too short for response inhibition. Therefore, to examine potential biases resulting from the data cleaning, we conducted several preliminary analyses. First, for the deleted 33 subjects, we tested the HWE for all five SNPs and there were no significant results (p40.32), indicating that the exclusion of these subjects was not due to the individuals' genotype. Second, we examined the mean age and intelligence scores (WAIS-RC) (Gong, 1992 ) of this excluded sample as compared with the final sample and found no significant differences, confirming that the exclusion of these subjects did not bias the sampling of subjects in terms age and IQ. The exclusion of these 33 subjects because of It should be noted that, on the HapMap website, these specific alleles of SNPs have different labels because of the different coding based on either the forward primer or the reverse primer. For example, the alleles of rs2229169 are A and C in this study (the standard Illumina GoldenGate Genotyping protocol) and in the dbSNP b126, but they are T and G on the HapMap website. In this table, we used the coding of all alleles based on the coding system of the Illumina system. b In the HapMap website, CHB and JPT are combined into one Asian group for this haplotype.
their questionable SSRT data did not bias the genetic association results. The final sample for the genetic association analysis was 421 subjects (242 females/179 males, mean age ¼ 20.3 years, SD ¼ 0.8). Finally, to avoid the effects of outliers, an isolated cluster of 7 subjects with longer than 400 ms SSRT (outside of the mean ± 3 SD) were rescaled to the max SSRT (370 ms) of the remaining sample. It is worth noting that a separate analysis excluding these seven subjects showed very similar results (the haplotype effect on SSRT, F(2, 411) ¼ À4.979, p ¼ 0.007).
Quantitative trait genetic association analysis was carried out by using Plink. In order to test the group differences between different genotypes, ANOVA and the Fisher's least significant difference post hoc tests (t-tests) were performed in SPSS. As the results of linkage disequilibrium analysis showed that four SNPs (rs2312955, rs2229169, rs4426564, and rs1168965) in the ADRA2B gene were in strong linkage with one another and constructed a conserved haplotype block (mean pairwise r 2 ¼ 0.999), we conducted the association analysis with the haplotype as well as the fifth SNP rs3813662. The SNP rs3813662 and the haplotype block were coded as minor allele/haplotype dosage (homozygote of major allele ¼ 0, heterozygote ¼ 1, homozygote of minor allele ¼ 2). There were two common haplotypes AAGG and CCAC (rs2312955|rs2229169|rs4426564|rs1168965) with respective frequencies of 0.47 and 0.53. There was a rare haplotype CAGG in only one subject. Phase analysis showed this subject with the CAGG/CCAC genotype was similar to the ones with the AAGG/CCAC genotype. This subject was thus assigned to the AAGG/CCAC heterozygote group. As there were only 10 C/C homozygotes of minor allele of rs3813662, we merged them with the heterozygotes C/A (n ¼ 108) with the code value of 1 and coded the A/A homozygotes (n ¼ 303) with the code value of 0. Bonferroni correction for multiple comparisons was used in this analysis. Table 2 , the mean Go RT, SSD, and SSRT were 616.1 ms (SD ¼ 145.2 ms), 430.6 ms (SD ¼ 147.6 ms), and 183.5 ms (SD ¼ 53.7 ms), respectively. As mentioned earlier, SSRTs were within the 62.2B370 ms range. The mean Go Rate was 0.93 (SD ¼ 0.06) and the mean Stop Rate 0.62 (SD ¼ 0.13). These numbers were consistent with results from previous studies as summarized in a recent review (Congdon et al, 2010) as well as with the previous study using the same version of the task (Xue et al, 2008) . Although the group-averaged Stop Rate (0.62) in this study was a little higher than the theoretical 0.5, the range of Stop Rate in this study was consistent with previous researches (Congdon et al, 2010) and in the theoretically acceptable range (Band et al, 2003; Logan and Cowan, 1984) .
RESULTS
As shown in
There were no significant differences in Stop Rates among the three genetic groups, which excluded a potential confounding effect of the Stop Rate on genetic differences in SSRT. There were also no significant effects of age and intelligence on Go RT and SSRT.
As shown in Table 2 , ANOVAs and post hoc tests showed that minor homozygotes and heterozygotes of the haplotype block had significantly shorter SSRT and better response inhibition as compared with major homozygotes (F(2, 418) ¼ 5.938, p ¼ 0.003). As shown in Figure 2 , individuals with the 
DISCUSSION
In this study, we chose five tag SNPs that covered the whole ADRA2B gene to investigate this gene's effects on response inhibition in normal Chinese adults. Results showed that a single conserved haplotype block structure spanning the whole ADRA2B gene was significantly linked to response inhibition. Individuals with the AAGG/AAGG haplotype had significantly shorter SSRT (ie, better response inhibition) compared with those with the CCAC/AAGG or CCAC/CCAC haplotype. These results further confirmed the critical role of the norepinephrine neurotransmission system in response inhibition as shown in previous neuropharmacological studies (Chamberlain et al, 2006 (Chamberlain et al, , 2009 ). These findings can be integrated with multiple lines of human and animal research (including biochemical, pharmacological, genetic, and brain imaging studies) on the ADRA2B gene and its protein product (the ADRA2B) as well as the norepinephrine neurotransmission system. First, there is convergent evidence of anatomical overlapping between the expression distribution of the ADRA2B gene and the neural substrates of response inhibition. Messenger RNA of the ADRA2B gene has been found to be expressed in the subcortical nucleus and extensive cortical regions, such as the hypothalamus, thalamus, and right inferior frontal cortex (Scheinin et al, 1994; Tavares et al, 1996) . Brain imaging studies have shown that these same brain regions have a central role in response inhibition (Aron et al, 2007; Aron and Poldrack, 2006; Xue et al, 2008) . Furthermore, variants of the ADRB2B gene have been associated with activations in these brain regions, particularly the right inferior frontal gyrus, the insula, and the basal ganglia system. For example, the + 901 Del/Ins variant of the ADRA2B gene modulates the neural activity of the amygdala/insula/inferior frontal gyrus (de Quervain et al, 2007; Rasch et al, 2009; Cousijn et al, 2010; Urner et al, 2011) .
Second, cumulating evidence from clinical and molecular neuropharmacological studies on animals and humans supports the critical role of the norepinephrine neurotransmission system in response inhibition (Aston-Jones and Gold, 2009; Chamberlain et al, 2006 Chamberlain et al, , 2009 . Psychostimulants that enhance the brain noradrenergic neurotransmission can improve response inhibition in clinical samples with attention-deficit/hyperactivity disorders Turner et al, 2004) and normal controls (Turner et al, 2003) . Atomoxetine, a specific norepinephrine reuptake inhibitor, was found to increase the noradrenergic neurotransmission in the brain (Bymaster et al, 2002) and to modulate the activity of the response-inhibition-related cortico-basal thalamic circuits at rest state in rats (Easton et al, 2007) . Atomoxetine has been found to enhance activation in the right inferior frontal gyrus during the stop-signal task in healthy subjects (Chamberlain et al, 2009) , and to improve the ability of response inhibition in both clinical and healthy subjects (Chamberlain et al, 2006 (Chamberlain et al, , 2009 ). These studies established relations among the brain noradrenergic neurotransmission, the neural activity of the right inferior frontal gyrus involved in the task, and the behavioral ability of response inhibition.
Third, the ADRA2B gene has a large conserved haplotype block linking the common tag SNPs (such as those typed in this study) and the common functional + 901 Del/Ins and -4825 Ins/Del variants. Cayla et al (2004) first reported that the polymorphism at position + 1182 relative to the start codon (rs2229169) was in strict linkage with the + 901 Del/ Ins variant, which was then confirmed and extended by Belfer et al (2005) and most recently by Crassous et al (2010) to include other SNPs. Our data further confirmed this block with more SNPs and a large Chinese sample.
With this strict linkage, the direction of genetic effects of the ADRA2B gene on response inhibition observed in this study can be interpreted based on previous biochemical research on the + 901 Del/Ins. The + 901 Del deletes three glutamic acid residues in the third intracellular loop of the receptor protein (also termed ADRA2B Ins/Del301-303) (Heinonen et al, 1999) , which is a very important region for G-protein coupling (Eason et al, 1992) . The ADRA2B receptors with deletion of these three glutamic acid residues display a decreased agonist-promoted phosphorylation and consequently a complete loss of desensitization, which in turn could lead to a continuingly enhanced noradrenergic neurotransmission (Small et al, 2001) . Therefore, carriers of the AAGG/AAGG genotype (same as + 901 Del/Del carriers, who showed enhanced noradrenergic neurotransmission) were better at response inhibition indexed by the shorter SSRT than were their counterparts with the CCAC/CCAC genotype (same as + 901 Ins/Ins) or AAGG/CCAC genotype (same as + 901 Del/Ins).
Taking together our results and evidence from previous brain imaging and neuropharmacological studies, we propose that ADRA2B gene variants influence response inhibition by regulating noradrenergic neurotransmission in the brain and modulating the neural activation associated with some important components in the stop-signal task, such as vigilance, detection of temporal unpredictable stop signal, and attention shift with task switching (Aston-Jones and Cohen, 2005; Aron and Poldrack, 2005) .
Three main limitations of this study need to be mentioned. First, this was an association study. The biochemical and physiological functions of the haplotype polymorphisms were not directly explored in this study. Although the linked + 901 Del/Ins and À4825 Ins/Del polymorphisms could be the potential cause based on evidence from previous studies (Belfer et al, 2005; Crassous et al, 2010) , biochemical research is needed to investigate the role of the polymorphisms in the intron and noncoding regions because they can also exert transcriptional suppression of the genes, influence mRNA secondary structure (Nackley et al, 2006) , and regulate gene expression and splicing (Zhang et al, 2007) . Second, because this was a college sample, we used only self-report to screen for neurological and psychiatric disorders. It is plausible to have some potential confounding effects. Future research should employ an objective systematic tool for that purpose. (Although we did not administer a systematic battery of objective assessments for neurological diseases and mental disorders, the larger project included measures of two main mental health issues relevant to college students: depression and anxiety. They were measured by Beck's depression (BDI-II) and anxiety inventories (BAI) (Beck, 1990; Beck et al, 1996) . According to the cutoff scores and interpretive labels provided by Beck (1990) and Beck et al (1996) , three subjects scored in the 'severe' range (29-63) of BDI-II and 22 subjects scored in the 'severe' range (26-63) of BAI. As depression and anxiety were not related to response inhibition, we did not exclude these subjects from our analyses.) Third, this study was conducted in one ethnic group (ie, Han Chinese college students) to avoid ethnic stratification problems. These SNPs and the haplotype block constructed from SNPs have different MAF in different ethnic populations based on the HapMap Data (www.hapmap.org, see Table 1 ). Thus, these genetic effects on SSRT found in this study need to be replicated in other ethnic populations.
In conclusion, this study found significant effects of ADRA2B haplotype polymorphisms on response inhibition in a large Chinese sample, with the minor AAGG haplotype associated with shorter SSRT (ie, better response inhibition) compared with the major CCAC haplotype. These effects were independent of subjects' intelligence, age, and gender. These findings provided new genetic associative evidence for the critical role of the norepinephrine neurotransmission system in response inhibition and a new insight into the function of the ADRA2B receptor in the central nervous system. Future studies need to combine genetic, behavioral, and functional imaging techniques to investigate the neural mechanisms underlying the genetic effects on response inhibition. Future studies should also examine the gene Â drug interactions on treatment of disorders with deficient response inhibition, because several studies of ADHD have been conducted on a related geneFthe ADRA2A gene (the alpha-2A-adrenergic receptor gene in the same family as the ADRA2B gene) (Cheon et al, 2009; da Silva et al, 2008; Polanczyk et al, 2007) . Results from such studies will not only improve our understanding the genetic basis and the neural mechanism of response inhibition, but also potentially contribute to the diagnosis and treatment of specific psychiatric disorders associated with deficient or underdeveloped response inhibition, such as ADHD, OCD, and addictions.
